GaAs is a material of interest as a potential buffer layer in future III-V semiconductor-based transistor technologies integrated on Si wafers. The goal of this study was to investigate the effect of growth temperature on the propagation and annihilation of antiphase domain boundaries (APBs) in GaAs films grown on Si(001) by metal-organic chemical vapor deposition (MOCVD). No intentional wafer off-cuts or high temperature pre-growth anneals (4 1000°C) were employed as both of these practices complicate integration with other devices. To evaluate the role of growth temperature on the APB evolution, a 200 nm thick layer of GaAs was grown on the Si at a fixed temperature of 530°C so that all samples started with the same approximate APB density. Subsequently, 600 nm of GaAs was grown at temperatures varying between 530°C and 650°C. Chemical etching combined with scanning electron microscopy (SEM) was used to profile the density of the APBs in each sample as a function of depth. The APB annihilation rate, i.e. the exponential decay rate of APB density with respect to film thickness, increases from 2.6 μm À 1 to 10.7 μm À 1 as the growth temperature increases from 530°C to 610°C and then saturates. The increase in annihilation rate with increasing temperatures suggests that the higher temperatures remove kinetic barriers to the reduction of the overall APB interfacial area. An activation energy of 1.1 eV was extracted using an Arrhenius relationship and likely corresponds to the energy needed for APBs to kink from {110} to higher-index planes, e.g. {112}. Dark field transmission electron microscopy showed that at higher growth temperatures the APBs can shift from vertical {110} habit planes to {112} planes leading to self-annihilation with sufficient thickness.
Introduction
The drive for continued improvements in the electrical performance and power-efficiency of complementary metal oxide semiconductor (CMOS) devices at ever-decreasing physical length scales has spurred interest in the use of III-V compound semiconductors to replace Si. III-V materials such as InGaAs or InAs are particularly attractive alternatives to Si for future n-channel devices because of their potential for much higher electron mobilities and injection velocities [1] . Integration of III-V devices on Si wafers will make large-scale production much more economically viable. Thus, significant effort has been directed towards obtaining high-quality III-V epitaxial layers on Si. The electrical and optical properties of these layers are often degraded by growth-related defects such as threading dislocations stemming from lattice constant mismatch or antiphase domain boundaries (APBs) from the polar-on-nonpolar growth [2] .
Various strategies have been developed with the aim of decreasing the overall number of defects in III-V films grown on Si. Threading dislocation density can be reduced through the use of buffer layers to alleviate lattice strain [3] [4] [5] [6] . GaAs is a good candidate for a buffer layer material because of its intermediate lattice constant between InGaAs/InAs and Si and so it is important to first obtain high-quality epitaxy of GaAs on Si. APBs are known to form in III-V epitaxial films on Si due to steps on the Si surface a single atom in height that disrupt the ordering of atoms in the III-V layer. Similar atoms become bonded to each other, such as Ga-Ga and As-As in GaAs, forming a plane of antisite defects constituting the APB. Reduction of the APB density is therefore typically accomplished through substrate preparation techniques that induce a double-step reconstruction of the (001) Si surface such as hightemperature pre-growth anneals near 1000°C [7] [8] [9] or off-cutting the wafer towards a given direction, usually o110 4 type [10] . Having a completely double-stepped Si surface can theoretically prevent the nucleation of any APBs. However, these two strategies should be avoided for conventional CMOS processing as lower thermal budgets are required and nominally planar wafers are necessary to maintain compatibility with existing tools and procedures.
It is apparent that complete prevention of APB nucleation is not feasible through currently established methods. Thus, it becomes critical to understand the factors that influence the propagation of APBs in order to facilitate self-annihilation. Calculations of APB energetics in GaAs indicate that {110} APBs which are orthogonal to a (001) substrate have the lowest formation energy compared to APBs on higher-index planes such as {111} or {112} which are inclined relative to the substrate normal [11, 12] . Clearly, {110} oriented APBs are not conducive for self-annihilation. However, it has been observed experimentally with transmission electron microscopy (TEM) that while APBs in GaAs typically form along {110} planes they have a tendency to change their plane of propagation during growth [13] [14] [15] [16] [17] . Georgakilas et al., also analyzed the through-thickness APB density in a GaAs film grown on Si and found that the APB density decreased with increasing distance from the GaAs/Si interface, an indirect indication that the APBs were propagating along inclined planes and self-annihilating [17] . Propagation along {112} planes may be favorable over other higher-index planes for APB annihilation since stoichiometry is maintained, as is the case with {110} APBs [12] .
One factor that may influence the preferred plane of propagation for APBs is the growth temperature of the film. It has been demonstrated in GaP-on-Si that an increase in the bulk growth temperature can cause APBs to change from being majority {110} oriented to majority {111} and {112} oriented [18, 19] . This effect has not yet been studied for GaAs-on-Si and the effect of growth temperature on APB annihilation has not been quantified. It is also unclear why higher growth temperatures appear to favor APB orientations that are nominally higher in formation energy. It is plausible that the kinking of APBs from {110} to higher-index planes is a thermally-activated process driven by a consequential reduction in APB interfacial area. The aim of this work is to conclusively analyze the effect of growth temperature on propagation and annihilation of APBs in GaAs grown on Si via metal-organic chemical vapor deposition (MOCVD) and to gain insight on the associated APB energetics.
Experimental
All GaAs film growth was carried out in an industrial III-V MOCVD system. The substrates were 300 mm (001) Si wafers with no intentional off-cut. The uncertainty of the wafer orientation is typically within a few tenths of a degree, within industry tolerances. Different batches of Si substrates have not been observed to have a significant effect on APB density in the GaAs films. Native oxide was removed from the wafers prior to film growth in a selective process that has been discussed elsewhere [20] . The wafers were then transferred under vacuum to the MOCVD growth chamber where a 4800°C bake was applied to promote the formation of double-steps. To prevent potential contamination from desorption of volatile species on the chamber walls, the reactor was first baked at a high temperature prior to the transfer of the wafers. The substrate preparation procedure reduces the density of APBs in the GaAs films by over an order of magnitude [20] . In addition to being beneficial from a defect-suppression standpoint, a low APB density is useful in this study because when the APB density is very high it becomes difficult to detect any significant changes in density over the thickness of the film.
GaAs epitaxy on Si was carried out in the standard two-step manner with a low temperature nucleation and high temperature bulk growth to improve crystal quality [21, 22] . The precursors for Ga and As were trimethylgallium (TMGa) and tertiarybutylarsine (TBAs), respectively. Other growth conditions such as chamber pressure and V/III ratio were within the range of typical MOCVD process conditions. For the purposes of this study, the nucleation layer consisted of 200 nm of GaAs grown at 530°C for all samples. This step allowed for the same approximate APB density to be set across the samples. Subsequently, 600 nm of the high temperature bulk layer was grown with varying temperature from 530°C to 650°C to analyze the effect of increasing growth temperature on APB propagation and annihilation. No other growth conditions were changed. The through-thickness APB density for each sample was analyzed using a similar method to that presented by Georgakilas et al. [17] . A CH 3 OH:H 3 PO 4 (85%):H 2 O 2 (30%) (10:1:1) etchant was used to remove some thickness of GaAs without selectively etching defects. Film thicknesses of samples after the H 3 PO 4 etch were measured with a JA Woollam M88 ellipsometer. Subsequently, samples were dipped in a HF(49%):HNO 3 (69%):H 2 O (10:1:3) solution for a short time (o10 s) to selectively etch APBs. This HF/ HNO 3 etchant has been previously shown to be selective for APBs in GaAs [13, 17, 20, 23] and can therefore improve contrast in imaging and differentiate APBs from other features. Images of the sample surfaces in various areas were taken in plan view with a FEI Nova NanoSEM 430 scanning electron microscope (SEM) operating at 5 kV. APB densities were determined by tracing APB features in SEM images with ImageJ software [24] . The APB density is defined as the line length of APBs per unit area, giving units of μm À 1 . The minimum size of APBs that can be detected through this method is on the order of 0.1-0.2 μm in circumference, based on the minimum value of APB lengths that were collected.
The evolution of APB propagation in the samples was analyzed through cross-sectional TEM (XTEM). A JEOL 200CX TEM operating at 200 kV was used. XTEM specimens were prepared in o110 4 orientations using a FEI DB325 focused ion beam (FIB) instrument. Dark field imaging was performed with the (002) and (00 À 2) superlattice reflections in order to have sensitivity for crystal orientation across antiphase domains (APDs) [25] [26] [27] [28] [29] . Further tilting of the samples off of the [ À 110] zone axis to excite the (115) and (11 À 7) spots increases the intensity of the (002) reflection [18] . Under these conditions, APDs will have opposing contrast relative to the surrounding GaAs crystal. Thus the shape of a domain can be observed including the planes of propagation for the bounding APBs. Fig. 1 was typical for all samples. It is evident from the images in Fig. 1 that the number of visible APDs is decreasing with increasing film thickness. Therefore, APBs must be kinking to higher-index planes and annihilating during growth leading to the termination of a significant portion of domains. A similar trend was observed in the other samples with varied bulk layer temperature. This result is not in itself surprising after the Georgakilas et al., study [17] showed a decrease of APB density with increasing film thickness in GaAs-on-Si. However, the presence of discrete APDs versus long, extended APBs allows for a clear visual demonstration of the tendency for APBs to annihilate.
Results and discussion
The through-thickness APB density profiles for all samples are shown in Fig. 2 . Final film thicknesses did vary slightly as each sample spent the same amount of time at its respective growth temperature and no other growth conditions were changed. There is a decrease in APB density for each sample with increasing distance from the GaAs/Si interface, i.e. as GaAs film thickness increases during growth. The decrease in density stems from a decrease in the total line length of APBs in the (001) growth plane as the APBs kink to higher-index planes and annihilate. The sample with the bulk layer growth at 530°C, identical in temperature to the nucleation layer, was grown to control for thickness effects and experienced a relatively moderate decrease in APB density. While this sample shows there is an inherent tendency for APB annihilation with increasing growth thickness, increasing the bulk layer temperature to 570, 590, and 610°C causes an apparent increase in the rate that the APB density decreases with respect to film thickness. There is no apparent enhancement of the APB annihilation rate with respect to film thickness after raising the bulk layer temperature above 610°C, i.e. the samples at 630 and 650°C follow the same approximate curve as 610°C.
Since the through-thickness APB density profiles of the samples in Fig. 2 follow an exponential decay, the APB annihilation rate can be extracted. The curves were fit to a standard exponential decay equation as a function of GaAs film thickness. The APB annihilation rate was defined as the exponential decay rate of APB density with respect to film thickness, giving units of μm À 1 . In other words, a greater annihilation rate corresponds to a smaller film thickness required to completely annihilate APBs. Fig. 3 plots the calculated APB annihilation rates versus the bulk layer temperature for all samples. The APB annihilation rate increases with increasing bulk layer temperature from 530°C to 610°C by approximately a factor of four from 2.6 70.2 μm À 1 to 10.7 70.9 μm À 1 . After 610°C, the annihilation rate saturates. The strong correlation between the bulk layer temperature and the APB annihilation rate, combined with the knowledge that all samples were grown with identical nucleation layers, indicates that a greater overall number of APBs are able to change their plane of propagation and annihilate at higher growth temperatures. Thus, the kinking of APBs to higherindex planes may be mediated by a thermally-activated process. The saturation of APB annihilation rate at higher growth temperatures likely arises from geometric factors, i.e. the plane of propagation for annihilation. If a given family of planes is preferred energetically, e.g. {112} over {111} or {113}, to achieve annihilation, then the annihilation rate is ultimately limited by the number of APBs that kink to this plane. Dark field XTEM images of APBs in the GaAs film are shown in Figs. 4 and 5. Fig. 4 shows an APD in the sample grown with the bulk layer at 630°C in dark field under (002) (a) and (00-2) (b) conditions. The reversal of contrast within the domain from (Fig. 1) . While the APD is not completely suppressed in the film, the width of the APD does decrease during growth. The reduction in width allows for a corresponding reduction in APB interfacial area. The habit planes of the APBs are varied and difficult to distinguish, but the shrinking width of the domain indicates a tendency towards higher-index planes. Fig. 5 shows a section of the sample grown with the bulk layer at 610°C containing a self-annihilating APD under (002) (a) and (00-2) (b) dark field conditions. The APBs initiate in a mostly vertical direction along {110} planes before annihilating. The terminating APBs lie at an angle of approximately 35°relative to the (001) growth plane, indicating that these are {112} APBs. Thus, {112} can become a favorable plane of propagation over {110} to facilitate APB annihilation. In fact, Beyer et al., reported the preferential annihilation along {112} planes in a GaP-on-Si system under optimized growth conditions with bulk growth at 675°C [30] . The kinking of APBs to higher-index planes such as {112} at lower growth temperatures is likely limited by a kinetic barrier. The activation energy for the kinking of APBs to higher-index planes can be determined through an Arrhenius relationship. shows the APB annihilation rates for the samples with bulk layer growth at 530, 570, 590, and 610°C (i.e., before saturation of annihilation rate) on an Arrhenius plot. The activation energy was calculated to be 1.1 eV. It is possible that the activation energy is related to the energy required to form the additional wrong bonds in a {112} APB configuration versus a {110} configuration. As a reference, the wrong bond energy associated with antisite defects in APBs in GaAs as calculated by Rubel and Baranovskii are 0.31 eV and 0.37 eV for {110} and {112} APBs, respectively [12] . The {112} APBs also have a higher density of wrong bonds per unit area over {110} APBs [12] .
Because APBs have a very large associated energy due to their structure, it follows that there is a driving force to minimize the overall area of APBs in the GaAs layer. As growth temperature is increased, the APBs in GaAs are driven towards an equilibrium configuration with orientations along higher-index planes. The thermal energy barrier explains why APBs tend to nucleate along {110} planes at lower growth temperatures. It is likely that {112} or other higher-index APBs become favored in order to reduce the line length of APBs in the (001) growth plane and thus reduce the number of adatoms involved in a given APB with each successive monolayer. This reduction in energy is balanced by the increased energy cost to form {11x} wrong bonds over {110}, where x is an integer greater than 0, to initiate the change in habit plane. As a consequence, APDs such as those seen in Fig. 1 will eventually become suppressed in the film during growth.
Another explanation for the dependence of APB annihilation rate on growth temperature is not a pure kinking of APBs to higher-index planes such as {112}, but a stepwise kinking of APBs mediated by jumps to {110} planes. In addition to showing the preferential annihilation of APBs along {112} planes [30] , Beyer et al., observed that in similarly grown GaP-on-Si samples APBs oriented along {110} planes displayed a tendency to jump one or more atomic planes, thereby creating a finite thickness to the APB [31] . Thus, increasing growth temperature can increase the jump probability for APB planes and enhance the annihilation rate. However, the jumping mechanism inherently forms segments of APB facets that should be energetically unfavorable, i.e. nonstoichiometric {111} or {001}. APBs along {001} also have greater wrong bond density than {110}, {111}, or {112} [11] . It is possible that these segments are relatively small enough in length that the APB jump is still rendered favorable. Otherwise, it is unclear how a macroscopic {112} APB as observed in this study (Fig. 5 ) and in Ref. [30] would be manifested via the stepwise kinking mechanism. Considering the geometry of an APB in a {112} orientation, construction with {111} and {110} facets would never meet the shallow angle of a {112} plane on average. Construction with {110} and {001} facets requires that the {001} segments must be longer than the {110} segments.
APB annihilation may also be influenced by rotation of the lattice due to the differing lengths of Ga-Ga and As-As wrong bonds versus Ga-As bonds. Vajargah et al., measured phase changes in high-angle annular dark field scanning TEM (HAADF-STEM) images of a GaSb-on-Si layer and observed rotation of the lattice at an APB [32] . The rotation alternated in sequential segments which allowed the APB to initially preserve a normal direction relative to the substrate before the APB eventually kinked over to inclined planes. The authors posit that faceting along higher-index planes is influenced by this lattice rotation and local relaxation at the APB and thus it will promote annihilation. However, since the alternating rotation was seen in both the curved and normal sections of the APB, it is unclear how much effect the rotation has on the actual kinking process. As well, the change in APB formation energies along different planes due to the lattice rotation and relaxation is unknown. There may be a relationship between the local relaxation and lattice rotation at an APB and the tendency to kink to higher-index planes.
The two APB-related phenomenon discussed above in similar III-V layers to GaAs and the related experimental evidence demonstrate that the annihilation of APBs via kinking to higher-index planes is a complex process. Irrespective of the actual mechanism, there is a clear influence of growth temperature on the preference for APBs to annihilate, as shown in this study. This effect can be understood by a thermodynamic argument for the minimization of APB interfacial area in the GaAs layer. The temperature effect may at an atomic-level be related to the APB plane jumping or local lattice perturbations. The density functional theory (DFT) calculations by Rubel and Baranovskii on APB formation energies [12] are insightful but have a limited scope as only ideal systems of parallel APB planes were investigated. Additional computational work is necessary in order to fully understand the atomic mechanism that allows for APB kinking to higher-index planes to become more favorable at higher temperatures.
Conclusions
In summary, the annihilation rate of APBs with respect to film thickness in GaAs grown on planar (001) Si substrates has been shown to have a dependence on MOCVD growth temperature. Increasing the bulk layer growth temperature from 530°C to 610°C increased the exponential decay rate of APB density with respect to film thickness from 2.6 μm À 1 to 10.7 μm À 1
. The annihilation rate saturated after 610°C. Dark field XTEM demonstrated that APDs have a tendency to shrink during growth and that {112} is a possible habit plane for APB annihilation at higher growth temperature. The higher growth temperatures likely remove kinetic barriers for the kinking of APBs from {110} planes to higherindex planes, e.g. {112}, to facilitate annihilation. The activation energy for APB kinking was found to be 1.1 eV which may account for the formation of additional wrong bonds to initiate the change in the plane of propagation. The kinking of APBs is likely driven by a reduction in the line length of APBs in the (001) growth plane which reduces the number of adatoms involved in a given APB for each successive monolayer of growth. It is possible that APB jumps to adjacent {110} planes or local rotation of the lattice at the APB also play a role in facilitating annihilation. Additional computational analysis of the formation energies of complex APB systems with multiple facets is needed. The findings of this study indicate that there is an optimal growth temperature to suppress APDs with minimal thickness by affecting the APB energetics and favoring propagation along higher-index planes over {110} planes.
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